Heparanase is an endoglycosidase that degrades heparan sulfate (HS) at the cell surface and in the extracellular matrix. Heparanase is expressed mainly by cancer cells, and its expression is correlated with increased tumor aggressiveness, metastasis, and angiogenesis. Here, we report the cloning of a unique splice variant (splice 36) of heparanase from the subterranean blind mole rat (Spalax). This splice variant results from skipping part of exon 3, exons 4 and 5, and part of exon 6 and functions as a dominant negative to the wild-type enzyme. It inhibits HS degradation, suppresses glioma tumor growth, and decreases experimental B16 -BL6 lung colonization in a mouse model. Intriguingly, Spalax splice variant 7 of heparanase (which results from skipping of exon 7) is devoid of enzymatic activity, but unlike splice 36 it enhances tumor growth. Our results demonstrate that alternative splicing of heparanase regulates its enzymatic activity and might adapt the heparanase function to the fluctuating normoxic-hypoxic subterranean environment that Spalax experiences. Development of anticancer drugs designed to suppress tumor growth, angiogenesis, and metastasis is a major challenge, of which heparanase inhibition is a promising approach. We anticipate that the heparanase splicing model, evolved during 40 million years of Spalacid adaptation to underground life, would pave the way for the development of heparanase-based therapeutic modalities directed against angiogenesis, tumor growth, and metastasis.
H
eparanase is a mammalian endoglycosidase that degrades heparan sulfate (HS) at the cell surface and in the extracellular matrix (ECM) (1) (2) (3) (4) (5) (6) (7) . Consequently, it facilitates migration of inflammatory and tumor cells, releases growth factors bound to HS in the ECM, and induces new blood vessel formation (angiogenesis) (3) (4) (5) (6) (7) (8) . Heparanase expression in tumor cells correlates with disease severity, and its overexpression in experimental tumor models results in accelerated tumor growth and metastases formation (3) (4) (5) (6) (7) (8) (9) (10) . Heparanase upregulation was noted in an increasing number of primary human cancers, correlating with reduced postoperative survival of cancer patients (5, 9) . Elevated levels of heparanase were detected in the urine and plasma of patients with aggressive metastatic disease (11) . Recently, we cloned a splice variant of human heparanase lacking exon 5 whose function has yet to be unraveled (12) . Moreover, we cloned a splice variant from Spalax that lacks exon 7 (splice 7) (13) .
Spalax is a mammal that lives its whole life, averaging 3 years, in sealed underground tunnels (14, 15) . Life in darkness resulted in atrophic eyes, and continuous digging led to short extremities and strong neck muscles (15) . Spalax can survive extremely low oxygen levels, which may exist in its underground burrows mainly during rainy weather and heavy flooding (16) . Under laboratory conditions, terminal pO 2 of Spalax ranges from 18 to 28 Torr (17) . Blood vessel density in Spalax tissues is higher than that found in rats (18, 19) . VEGF levels in Spalax muscles are constitutively high regardless of oxygen level, similar to its expression in highly tumorigenic cells (19) . The p53 gene in healthy Spalax individuals possesses 2 amino acid substitutions in its DNA binding domain, which are identical to mutations found in human tumors (20, 21) , resulting in up-regulation of p53-targeted genes involved in DNA repair and inhibition of p53-targeted genes associated with apoptosis. Special characteristics of Spalax hemoglobin, myoglobin, haptoglobin, and neuroglobin have been reviewed elsewhere (14, 15) . Here, we describe a unique splice variant of heparanase (splice 36) cloned from Spalax, which lacks enzymatic activity, and functions as a dominant negative protein to the wild-type heparanase enzyme.
Results
Cloning Splice Variant 36 of Spalax Heparanase. We have reported the cloning of wild-type Spalax heparanase and a splice variant of it lacking exon 7 (splice 7), which has led us to search for other splice variants of heparanase. Using PCR and a set of primer pairs, we screened different Spalax tissues' cDNA for the presence of additional bands suggestive of splice variants. PCR on cDNA of kidney from Spalax judaei (15) exposed to a pulse of hypoxia (6% O 2 , 3 h) led to the cloning of splice variant 36. Sequence analysis revealed that splice 36 of Spalax heparanase results from skipping part of exon 3, exons 4 and 5, and part of exon 6 (Fig. 1A) . Compared with the wild-type cDNA, this splice variant exhibits a deletion of 372 bp, without any shift in the translation frame. The donor site in exon 3 and the acceptor site in exon 6 share the nucleotide sequence AAGAAGG, suggesting it as a possible signal to the splicing machinery (Fig. 1B) . This nucleotide sequence is conserved in exons 3 and 6 of human heparanase.
The ORF of splice 36 consists of 1,230 bp that encode for a polypeptide of 410 aa, compared with 1,602 bp and 534 aa in the wild-type Spalax heparanase. The protein structure of splice 36 combines the 8-kDa subunit to the N terminus of the truncated 45-kDa subunit (excluding the linker and part of the 45-kDa subunit, compared with the wild-type heparanase) ( Fig. 2A) and lacks 2 of the 3 putative N-glycosylation sites found in the wild-type enzyme (13).
Author contributions: N.J.N., A.A., I.V., and E.N. designed research; N.J.N. performed research; I.V. contributed new reagents/analytic tools; N.J.N., A.A., I.S., E.E., E.Z., N.I., and I.V. analyzed data; and N.J.N., A.A., I.V., and E.N. wrote the paper.
The authors declare no conflict of interest.
Data deposition: The sequence reported in this paper has been deposited in the GenBank database (accession no. FM955617).
Functional Expression of Splice 36 in Mammalian Cells. The fulllength Spalax heparanase cDNA and splice 36 cDNAs were subcloned into the expression vector pcDNA3 and transfected into HEK293 cells. Western blot analysis of splice 36 partially purified from cell lysates revealed a protein band of Ϸ40 kDa (Fig. 2B, lane 3) . Wild-type Spalax heparanase appeared as 60-and 45-kDa protein bands, corresponding to the latent and active forms of the enzyme (Fig. 2B, lane 2) . Splice 36 [similar to splice 7 (13)] was not detected in the medium of cultured cells, regardless of the presence of heparin (Fig. 2B Lower) . In contrast, wild-type latent heparanase is secreted into the culture medium and accumulates upon the addition of heparin (22) . The lack of heparanase splice variants 7 and 36 in the incubation media compared with the wild-type enzyme is probably caused by structural changes in these variants that result in deficient secretion of the corresponding proteins.
Heparanase Enzymatic Activity. We assessed the ability of splice 36 of Spalax heparanase to degrade HS in intact ECM. For this purpose, lysates of HEK293 cells stably transfected with splice 36 were incubated (4 h, 37°C, pH 6.0) with intact, naturallyproduced, sulfate-labeled ECM. Cells transfected with fulllength Spalax heparanase, splice 7, or mock (empty) vector were used as controls. Labeled degradation fragments released into the incubation medium were then analyzed by gel filtration on Sepharose 6B. Lysates of splice 36 transfected cells failed to release degradation products of HS (Fig. 2C) . Similar results were obtained with splice 7 (13) and mock-transfected cells. In contrast, incubation of the ECM with lysates of cells transfected with the wild-type Spalax heparanase resulted in release of low molecular mass-labeled degradation fragments eluted toward the V t of the column (fractions 20-30; 0.5 Ͻ K av Ͻ 0.8) (Fig. 2C) . These fragments were shown to be degradation products of HS as they were (i) 5-to 6-fold smaller than intact HS side chains, (ii) resistant to further digestion with papain and chondroitinase ABC, and (iii) susceptible to deamination by nitrous acid (23) . Dominant Negative Effect of Splice 36 on Wild-Type Heparanase. B16 melanoma cells express high endogenous levels of heparanase and readily degrade HS chains in intact ECM (24) . B16 melanoma cells were transfected with plasmids containing splice 36 or splice 7 or with insert free plasmid. Cell lysates were incubated with sulfate-labeled ECM, and the incubation media were analyzed by gel filtration as described above. Cells transfected with insert free plasmid degraded the ECM HS, as reflected by a prominent peak of HS degradation fragments released into the incubation medium (Fig. 3A) . In contrast, cells transfected with splice 36 yielded a nearly 80% lower HS degradation peak (Fig.  3A) . Splice 7 minimally affected the ability of B16 melanoma cells to degrade HS, and the elution profile of HS degradation fragments was similar or mildly lower than that of control mock-transfected cells (data not shown). To test the ability of intact cells to degrade HS in the ECM, B16 melanoma cells were grown on sulfate-labeled ECM, and HS degradation fragments released into the incubation medium were analyzed after 48 h of incubation. As demonstrated in Fig. 3B , splice 36 transfected cells yielded a much lower level of HS degradation fragments as compared with control cells transfected with empty plasmid. Splice 7 decreased the degradation of HS by B16 melanoma cells albeit to a lower extent than that of splice 36 (Fig. 3B ).
Splice 36 of Spalax Heparanase Inhibits Experimental Metastasis of
B16 Melanoma Cells. B16-BL6 cells electroporated with Spalax heparanase splice 7, splice 36, or empty pcDNA3 vector were injected into the tail vein of C57BL/6 mice (0.4 ϫ 10 6 cells per mouse). Fifteen days after injection, the mice were killed and their lungs were evaluated for the number of surface metastatic colonies. B16-BL6 melanoma cells transiently electroporated with splice 36 yielded 4-to 5-fold fewer metastatic colonies (mean number of colonies Ϯ SD ϭ 62 Ϯ 34) than B16-BL6 melanoma cells transiently transfected with the empty vector (mean number of colonies Ϯ SD ϭ 270 Ϯ 67; P Ͻ 0.001) (Fig.  3C ). The number of colonies Ϯ SD produced by B16-BL6 melanoma cells electroporated with splice 7 was 259 Ϯ 92 and was not significantly different from that obtained with the mock-transfected group (P ϭ 0.83) (Fig. 3C ).
Cell Proliferation in Vitro. U87 human glioma cells, which possess endogenous HS-degrading ability, were transfected with plasmids containing splice 36, splice 7, wild-type Spalax heparanase, or empty control. Stable transfected cell populations were seeded (5 ϫ 10 4 per 35-mm dish) into culture dishes and their number was measured as a function of time. The proliferation rate of splice 36-transfected cells was similar to that of mocktransfected cells (Fig. 3D ), cells transfected with splice 7 (Fig.  3D ), or cells transfected with wild-type Spalax heparanase (data not shown).
Splice 36 Inhibits Tumor Growth. U87 cells (5 ϫ 10 6 ) stably transfected with either the Spalax heparanase variant 36 or mock insert-free control plasmid were injected s.c. to nude mice. Tumor size was measured twice a week, and its volume was calculated. The tumors, which were similar in size at the beginning of the experiment, developed much more rapidly in the control group, compared with tumors generated by splice 36-transfected cells (Fig. 3E) . On day 40, both groups were killed and the tumors were dissected and weighed. The average weight (Ϯ SD) of tumors in the control group was 676 Ϯ 184 mg, whereas the splice 36 group developed significantly smaller tumors with an average weight of 120 Ϯ 28 mg (P Ͻ 0.0025).
Wild-Type Spalax Heparanase and Its Splice Variant 7 Accelerate
Tumor Growth. Mice harboring U87 glioma cells transfected with either wild-type Spalax heparanase or its splice variant 7 developed tumors at a much faster rate than mock-transfected cells (Fig. 3F) . Twenty-eight and 32 days after cell inoculation, tumors produced by the wild-type and splice 7 cells, respectively, were too large for the mice to bear. The mice were killed, and tumors were dissected and weighed. The average weight of the wild-type tumors was 1,193 Ϯ 230 mg, and the average weight of splice 7 tumors was 772 Ϯ 212 mg.
Discussion

Spalax as a Model Organism for Hypoxia Tolerance and Angiogenesis
Research. The subterranean blind mole rat lives in underground environment that is extremely stressful compared with the conditions aboveground (15) . Adaptation to this environment resulted in the regression of some tissues and organs and progression of others (14, 15) . Among the organs that regressed during Spalax evolution are the eyes that became atrophic and subcutaneous, the tail that is absent in Spalax allowing easier movement in underground tunnels, and short extremities compared with aboveground mammals that allows efficient digging of narrow tunnels (15) . Other organs that have developed in Spalax include the heart that has higher myocardial maximal oxygen consumption, the lungs that possesses high diffusion capacity, and the muscles that are more developed and have higher blood vessel density compared with aboveground rats (14, 15) . Molecular characteristics of Spalax related to hypoxia tolerance include: constitutively high VEGF expression in Spalax muscles (19) , high levels of hypoxia inducible factor 1 ␣, and elevated levels of erythropoietin compared with rats (25) . The high blood vessel density in Spalax tissues led us to focus on the contribution of heparanase to the adaptive evolution of hypoxia tolerance in this mammal.
Spalax Heparanase and Its Splice Variants. Spalax heparanase has 85% homology to the human gene (13) . Heparanase is highly expressed in Spalax kidney, liver, heart, brain, and eye, unlike its limited expression in normal human tissues (13) . Spalax heparanase has 3 potential N-glycosylation sites, compared with 6 in the human and 4 in the mouse and rat heparanases. Splice 7 of Spalax heparanase possesses all 3 N-glycosylation sites described in the wild-type enzyme (13), whereas splice 36 lacks 2 of them. The 2 alternatively spliced variants of Spalax heparanase (splice 7 and splice 36) lack HS cleavage ability by their own. B16-BL6 murine melanoma cell line possesses high endogenous HS-degrading ability (24) . Here, we report that splice 36 functions as dominant negative to the wild-type heparanase enzyme and inhibits ECM degradation by these cells in vitro and metastases formation in vivo. Splice 36 also hinders glioma tumor growth in a mouse model. Intriguingly, Spalax splice variant 7 of heparanase (13) is devoid of enzymatic activity, but unlike splice 36 enhances tumor growth. These results demonstrate that alternative splicing (26, 27) of heparanase regulates its enzymatic activity and might adapt the heparanase function to the fluctuating normoxichypoxic subterranean environment that Spalax experiences (16, 18) . Development of anticancer drugs directed to suppress angiogenesis is a major challenge (28) of which heparanase inhibition is a promising approach (29, 30) .
Alternative Splicing as an Evolutionary Path to Cope with Stress and
Increase Genetic Heterogeneity. The mammalian genome contains Ϸ25,000 genes. Through alternative splicing each gene can produce several splice variants that results in different proteins (26) . Stress is one of the leading catalysts of evolution that foster the processes of adaptation and speciation. Spalax lives under extremely stressful environment underground; one of these stresses is hypoxia. In this study the exposure of Spalax to a pulse of hypoxia resulted in the expression of a variety of splice variants of heparanase in its kidneys. It seems that the stress posed on Spalax elicits the production of these splice variants to cope with the ''new'' situation. One of the possible roles of these variants could be posttranslation modulation of the effect of the wild-type enzyme on its substrate (HS). These splice variants of heparanase are devoid of HS degradation ability of their own, but seem to possess other nonenzymatic functions (6) that may explain the enhanced tumor growth seen when splice 7 was overexpressed in glioma cells.
Heparanase as a Target for Anticancer Therapy. Heparanase is a mammalian enzyme that degrades HS in the ECM (3-7) . In human, heparanase is expressed mainly in the placenta, platelets, lymphoid organs, and keratinocytes (5-7). Heparanase is overexpressed in nearly every human tumor tested, including breast, pancreas, prostate, colon, and lung cancers, and its overexpression in these malignancies is correlated with aggressive tumor behavior, increased metastasis and angiogenesis, and reduced postoperative patient survival time (5-7). Hence, heparanase is a highly specific target for anticancer therapy; if successfully suppressed, inhibition of tumor growth, metastasis, and angiogenesis is expected to ensue (29, 30) . Several inhibitors of heparanase were developed mainly through screening of sulfated compounds, of which PI-88 is being tested in clinical trials (31) . A glycol-split N-acetylated heparin (32) has been demonstrated to be highly effective in myeloma tumors (33) and will soon enter clinical trials. Several antiheparanase antibodies have been reported, of which none reached clinical use. Our results show that overexpression of wild-type Spalax heparanase enhances tumor growth, similar to human heparanase. Alternative splicing of heparanase in Spalax results in 2 different splice variants of which splice 36 down-regulates the tumorigenic potential of heparanase and inhibits its ability to degrade HS in the ECM, whereas splice 7 promotes tumor growth. Similarly, the Bcl-x gene has 2 splice variants with opposite effects on apoptosis (27) . Recently, we cloned 3 additional splice variants of the Spalax heparanase gene that require additional investigation. Taking into account the significance of heparanase in cancer progression, we anticipate that the ability of heparanase splice variants to inhibit tumor growth will provide important tools for the development of heparanase-inhibiting strategies that will be applied as therapeutic modalities in the treatment of cancer.
Materials and Methods
Animals. The animals used for cloning the splice variants of Spalax heparanase belong to the Spalax judaei Anza population (15) . Animals were captured in the field and kept in the animal facility at the Institute of Evolution (University of Haifa) for at least 3 months before use. Animals were housed in individual cages. They were kept under controlled conditions at 22-24°C and fed carrots and apples. Animals used in this study were adults and ranged in weight from 100 to 150 g. Some animals were exposed to a pulse of hypoxia (6% O 2, 3 h) and then killed by injection of Ketaset CIII at 5 mg/kg body weight. Whole organs were taken out and immediately frozen in liquid nitrogen. The experiments were approved by the Ethics Committee of the University of Haifa.
RNA and cDNA Preparation. Total RNA was extracted from tissues by using TRI Reagent (Molecular Research Center) according to the manufacturer's instruc- tions. cDNA was prepared by reverse transcription (M-MLV reverse transcriptase; Promega) of 1 g of total RNA, by using oligo(dT)15 and random primers (13) .
Gene Cloning. For cloning of Spalax heparanase splice variants, kidney cDNAs were prepared. Spalax-specific primers around different exons were designed (Sigma/Genosys), and PCRs were performed by using TaqDNA polymerase (Qbiogene) and kidney cDNA as a template. Bands corresponding to the splice forms were subcloned into the pGEM-Teasy vector and sequenced by using gene-and vector-specific primers with an automated DNA sequencer (ABI Prism model 310 Genetic Analyzer; PerkinElmer). Full-length Spalax heparanases lacking the spliced-out exons were constructed by means of digestion and ligation by using site-specific restriction enzymes and T4 ligase (Promega), then inserted into the expression vector pcDNA3 (Invitrogen) (13) .
Cells and Transfections. HEK293 and U87 glioma cells were cultured in DMEM (4.5 g glucose per L) containing 10% FCS and antibiotics as described (8) . Cells were grown in 60-mm tissue culture dishes and transfected with a total of 1-2 g of plasmid DNA mixed with 6 L of FuGene transfection reagent (Roche Applied Science) and 94 L of DMEM. Transiently-transfected cells were obtained after 24-to 48-h incubation at 37°C. Stable populations of transfected cells were selected with G418 (Sigma).
B16 -BL6 melanoma cells were electroporated with pcDNA3 plasmids containing splice 36, splice 7, or empty vector (4 ϫ 10 6 cells in 400 L of medium containing 10 g of plasmid DNA) by using a single 70-ms pulse at 140 V and an ECM 830 Electro Square porator and disposable cuvettes (model 640, 4-mm gap; BTX) (24) . After electroporation, the transfected cells were plated at a density of 0.4 ϫ 10 6 cells per 100-mm dish and grew for 24 -48 h. Efficiency of transfection (Ϸ80%) was evaluated 48 h after electroporation of a vector containing the gene encoding green fluorescent protein by fluorescence microscopy. Stable populations of transfected cells were selected with G418 (Sigma).
Experimental Metastasis. For the experimental metastasis studies, the lateral tail vein of 6-week-old male C57BL/6 mice was injected with 0.4 mL of a cell suspension containing 0.4 ϫ 10 6 B16 -BL6 melanoma cells transiently electroporated with pcDNA3 plasmids containing splice 36, splice 7, or empty vector. Fifteen days after cell injection, mice were killed and their lungs were removed, fixed in Bouin's solution, and scored under a dissecting microscope for the number of metastatic nodules on the lung surface. Five mice were used per group.
Western Blot Analysis. Cells (2 ϫ 10 6 ) transfected with either splice 36, splice 7, wild-type heparanase, or insert-free pcDNA3 vector alone were lysed in 1 mL of lysis buffer containing 50 mM Tris⅐HCl (pH 7.4), 150 mM NaCl, 0.5% Triton X-100, and a mixture of protease inhibitors (Roche Applied Science). Heparanase was concentrated by incubating the cell lysate (4°C, 1 h) with ConA beads (Amersham Biosciences) and washing twice with PBS. The beads were boiled (3 min) in sample buffer and centrifuged and the supernatant was subjected to SDS/PAGE and immunoblot analysis using polyclonal antiheparanase antibodies 1453 (1:2,500), as described (13) . Immunoreactive bands were detected by the enhanced chemiluminescence reagent as described (3) . For evaluation of secreted heparanase, cells were grown in 100-mm culture dishes to Ϸ70 -80% confluence, and then serumfree medium was applied. Twenty-four hours after incubation the medium was collected and centrifuged, and the supernatant was incubated with ConA beads and subjected to Western blot analysis, performed as described above.
Heparanase Activity. Cell lysates prepared from 1 ϫ 10 6 cells by 3 cycles of freezing and thawing in heparanase reaction buffer [20 mM phosphatecitrate buffer (pH 6.0), 1 mM DTT, 1 mM CaCl 2, and 50 mM NaCl] were incubated (3 h, 37°C, pH 6.0) with 35 S-labeled ECM. The incubation medium containing 35 S-labeled HS degradation fragments was analyzed by gel filtration on a Sepharose CL-6B column (3, 8) . Fractions (0.2 mL) were eluted with PBS, and their radioactivity was counted in a ␤-scintillation counter. Degradation fragments of HS side chains were eluted from Sepharose 6B at 0.5 Ͻ Kav Ͻ 0.8 (fractions 20 -30) (3, 8) . Each experiment was performed 3 times, and the variation in elution positions (Kav values) did not exceed Ϯ 15% of the mean. For heparanase activity of intact cells, 2 ϫ 10 6 B16 cells were grown (48 h, 37°C, pH 6.6) on 35 S-labeled ECM, and the incubation medium was analyzed thereafter as described above.
Proliferation Assay. U87 cells (5 ϫ 10 4 cells per 35-mm dish) stably transfected with splice 7, splice 36, wild-type or control splice 36, or control vectors were seeded in complete medium into 35-mm culture dishes. The cells were dissociated with trypsin/EDTA and counted in triplicate in a Coulter counter every other day for 7 days.
Tumorigenicity Studies. U87 cells stably transfected with Spalax heparanase splice 36, splice 7, wild-type, or control insert-free plasmids were injected s.c. to BALB/c athymic nude mice (Harlan). Cell suspension (5 ϫ 10 6 /0.2 mL) was s.c.-inoculated at the right flank. Xenograft sizes were determined weekly by externally measuring tumors in 2 dimensions with a caliper. Tumor volume (V) was determined by the equation: V ϭ L ϫ W 2 ϫ 0.5, where L is the length and W is the width of the xenograft. At the end of the experiment, mice were killed by cervical dislocation, and xenografts were dissected and weighed.
